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Available online 16 November 2013Abstract Previous studies have shown that the recombination of cells liberated from developing tooth germs develop into teeth.
However, it is difficult to use human developing tooth germ as a source of cells because of ethical issues. Previous studies have
reported that thymosin beta 4 (Tmsb4x) is closely related to the initiation and development of the tooth germ. We herein
attempted to establish odontogenic epithelial cells from non-odontogenic HaCaT cells by transfection with TMSB4X.
TMSB4X-transfected cells formed nodules that were positive for Alizarin-red S (ALZ) and von Kossa staining (calcium phosphate
deposits) when cultured in calcification-inducing medium. Three selected clones showing larger amounts of calcium deposits than
the other clones, expressed PITX2, Cytokeratin 14, and Sonic Hedgehog. The upregulation of odontogenesis-related genes, such as
runt-related transcription factor 2 (RUNX2), Amelogenin (AMELX), Ameloblastin (AMBN) and Enamelin (ENAM) was also detected.
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310 T. Kiyoshima et al.selected TMSB4X-transfected cells implanted into the dorsal subcutaneous tissue of nude mice formed matrix deposits.
Immunohistochemically, AMELX, AMBN and ENAM were observed in the matrix deposits. This study demonstrated the possibility of
induction of dental epithelial cell differentiation marker gene expression in non-odontogenic HaCaT cells by TMSB4X.
© 2013 The Authors. Published by Elsevier B.V. Open access under the CC BY-NC-ND license.Introduction
Regenerative bioengineering technology has focused on com-
binations of cells, growth factors and scaffolds. For attempts at
tooth bioengineering, cells obtained from themouse, rat or pig
tooth germs were employed for recombination in biodegrad-
able scaffolds, and the constructs were implanted into an organ
(e.g., kidney, peritoneum or cornea) and successfully devel-
oped into a tooth (Yoshikawa and Kollar, 1981; Young et al.,
2002; Hu et al., 2006; Nakao et al., 2007). These reports
indicated that cells derived from epithelial and mesenchymal
tissues in the developing tooth germs have the ability to
reconstruct a three-dimensional tooth with enamel and/or
dentin formation. However, it is difficult to use human dev-
eloping tooth germs as a source of cells because of ethical issues,
and thus, attempts have been made to identify stem cells from
human teeth that can be used for regenerative medicine.
Previous studies have examined stem cells from human
exfoliated deciduous teeth, adult dental pulp stem cells, and
stem cells from the dental follicle or periodontal ligament (Miura
et al., 2003; Shi and Gronthos, 2003; Alliot-Licht et al., 2005;
Morsczeck et al., 2005; Lovschall et al., 2007; Fujii et al., 2008).
Recently, attempts to directly convert mature cells to other
specifically differentiated cells have been reported (Davis et
al., 1987; Choi et al., 1990; Shen et al., 2000; Vierbuchen et al.,
2010; Sekiya and Suzuki, 2011; Zabierowski et al., 2011). The
direct conversion of pancreatic exocrine cells into hepatocytes
suggests that some epithelial cells can be converted into other
epithelial cells comprising adjacent organs (Shen et al., 2000).
Wang et al. (2010) reported that human keratinocytes could be
differentiated into ameloblasts by combination with mouse
embryonic dental mesenchymal cells. They found that human
keratinocytes possessed the ability to transform into
odontogenic epithelial cells under appropriate conditions.
We previously performed cDNA subtraction to determine
the trigger gene(s) that were responsible for inducing
odontogenesis, and to detect the odontogenesis-related
genes that were differentially expressed in murine mandibles
on embryonic day 10.5 (E10.5) in the pre-initiation stage of
odontogenesis, and on E12.0 in the late initiation stage
(Yamaza et al., 2001a, 2001b; Wada et al., 2002; Akhter et
al., 2005, 2010; Xie et al., 2007, 2009; Honda et al., 2008;
Takahashi et al., 2010; Honda et al., 2011; Ookuma et al.,
2013). Thymosin beta 4 (NCBI database: Tmsb4, X-linked,
Tmsb4x) was detected as a gene that was significantly dif-
ferentially expressed, and the mRNA for Tmsb4 was strongly
expressed in developing tooth germs of the murine lower
first molar (Akhter et al., 2005; Shiotsuka et al., in press;
Supplementary Fig. 1). We have further demonstrated
that treatment with a Tmsb4x antisense sulfur-substituted
oligodeoxynucleotide (AS-S-ODN) resulted in the develop-
mental arrest of tooth germs in cultured E11.0 mandibles,
and downregulated the expression of runt-related tran-
scription factor 2 (Runx2) (Ookuma et al., 2013). Ourprevious study also showed that tooth germ development
was disturbed by treatment with a Runx2 AS-S-ODN in
cultured embryonic mandibles (Kobayashi et al., 2006). In
addition, Tmsb4x-overexpressing transgenic mice showed
abnormal tooth development with enamel hypoplasia (Cha
et al., 2010). Thus, Tmsb4x may have important roles in
tooth germ development by regulating the expression of
Runx2 and odontogenesis-related genes. Recently, Smart
et al. (2011) reported that the epicardium is converted
into cardiomyocytes by the pre-treatment with Tmsb4,
resulting in the re-expression of a key embryonic epicardial
gene, Wt1. Therefore, TMSB4X seems to possess the ability
to change cell characteristics by transdifferentiation.
Based on these findings, we hypothesized that TMSB4X
possibly has the ability to convert keratinocytes into
odontogenic cells. To investigate this hypothesis, we used
a human keratinocyte cell line, HaCaT (Boukamp et al.,
1988) as target cells for inducing odontogenic development
by transfection with TMSB4X. Real-time PCR,Western blotting
and immunofluorescence assays revealed the expression of
certain dental epithelial cell differentiation marker genes,
such as paired-like homeodomain transcription factor 2
(PITX2) (Wang et al., 2010), Cytokeratin 14 (CK14) (Tabata
et al., 1996; Domingues et al., 2000) and Sonic Hedgehog
(SHH) (Dassule et al., 2000; Jernvall and Thesleff, 2000) and
odontogenesis-related genes, such as RUNX2, Amelogenin
(AMELX), Ameloblastin (AMBN) and Enamelin (ENAM). These
cells also acquired the ability to form areas of calcium
phosphate deposits under calcification-inducing conditions.
The calcification observed in the cultured cells was influenced
by calcification-inducing medium (CIM) components, cell type
and levels of TMSB4X expression. Additionally, in vivo studies
showed that the CIM-treated cells formed epithelial islets with
areas of calcification coincident with odontogenesis-related
proteins. The present study demonstrates that transfection
with TMSB4X may have the ability to induce the expression of
certain dental epithelial cell differentiation marker genes in
non-odontogenic keratinocytes, which is the first step in
creating cells for use in bioengineering applications.
Materials and methods
Cell lines and culture conditions
The human keratinocyte cell line, HaCaT cells (Boukamp et al.,
1988), was used in this study. These cells were grown in D-MEM
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS) (Equitech-Bio, TX, USA) and 10 μg/ml
gentamicin (Invitrogen). The human ameloblastoma cell line,
AM-1 cells (Harada et al., 1998), was cultured in Keratinocyte-
SFM (Invitrogen) containing human recombinant EGF and bovine
pituitary extract (Invitrogen). The human squamous cell
carcinoma cell lines, MISK81-5 (Matsuo et al., 1994) and
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lines, MKN45 and MKN74 (Motoyama et al., 1986) (Japanese
Cancer Research Resources Bank), were grown in alpha-MEM
(Invitrogen) supplemented with 10% FBS, and in RPMI1640
(Invitrogen) supplemented with 10% FBS, respectively.Gene transfection and establishment of
transfected clones
The coding region of the human TMSB4X cDNA (GenBank
accession no. NM_021109.3) was inserted into the pcDNA3.1/
Hygro (+) (Invitrogen) expression vector. HaCaT cells
were transfected with pcDNA3.1/Hygro (+) alone, or with
pcDNA3.1/Hygro (+) encompassing the coding region of
the human TMSB4X cDNA. These were termed ‘MOCK’ and
‘t-TMSB4X’, respectively. The untransfected HaCaT cells were
called ‘UT’. Both UT and MOCK cells were regarded as controls.
The candidate clones of MOCK and t-TMSB4X were established
by selection with hygromycin (600 μg/ml) (Invitrogen). This
plasmid or pcDNA3.1/Hygro (+) alone was also transfected
into MISK81-5, HSC-3, MKN45 and MKN74 cells. The candidate
clones of MOCK and highly TMSB4X-overexpressing cells
obtained from each carcinoma cell line were established in
the same manner as described above. The levels of TMSB4X
expression in the clones stably expressing the TMSB4X cDNA
were assessed by real-time RT-PCR and Western blotting
analysis, as described below. The specific primer set used
for TMSB4X (GenBank accession no. NM_021109.3) was: TMSB4X
5′-CTGACAAACCCGATATGGCTGA-3′ and 5′-ACGATTCGCCTGCT
TGCTTC-3′.Table 1 Primer sets used in the present study.
Target gene GenBank accession number
GAPDH NM_002046.4 (S
(A
TMSB4X NM_021109.3 (S
(A
ALP NM_000478.4
NM_001127501.2
NM_001177520.1
(S
(A
CK14 NM_000526.4 (S
(A
PITX2 NM_153427.2
NM_153426.2
NM_000325.5
NM_001204397.1
NM_001204398.1
NM_001204399.1
(S
(A
SHH NM_000193.2 (S
(A
RUNX2 NM_001024630.3
NM_001015051.3
(S
(A
AMELX NM_001142.2 (S
(A
AMBN NM_016519.4 (S
(A
ENAM NM_031889.2 (S
(AQuantitative real-time PCR for odontogenesis-
related genes
Total RNA was isolated and reverse-transcribed. The
expression of several genes was analyzed by using the
Thermal Cycler Dice Real Time System (TaKaRa, Shiga,
Japan) with SYBR Premix Ex Taq II (TaKaRa) according to
the manufacturer's instructions. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used to normalize the values of
the target mRNA expression. TMSB4X, Alkaline Phosphatase
(ALP), CK14, PITX2, SHH, RUNX2, AMELX, AMBN and ENAM
were examined with specific primers for quantitative real-time
PCR (Table 1).
Under incubation in complete medium, clones showing
more than 1.5-fold increase in the expression level of TMSB4X
mRNA compared with control were called TMSB4X-transfected
(t-TMSB4X) clones. Among the various t-TMSB4X clones, clones
#1-11, #1-12 and #1-9 showed higher amounts of calcium
phosphate deposits than the other clones after incubation with
CIM for three weeks, and were termed “selected t-TMSB4X”
(s-TMSB4X) clones. To analyze the ALPmRNA expression levels,
the control and s-TMSB4X cells were harvested at 0 week (0w)
when they were almost confluent and before switching
complete medium to CIM. The other samples were collected
after culture in CIM for three weeks (3w). The mRNA ex-
pression levels of ALP in the samples were compared with
those observed in the UT cells (0w). The mRNA expression
levels of CK14, PITX2 and SHH in the s-TMSB4X and AM-1 cells
were compared with those observed in the control cells when
the s-TMSB4X, AM-1 and control cells were incubated with CIM
for three weeks. The mRNA expression levels of RUNX2,Sequence
ense) 5′-GCACCGTCAAGGCTGAGAAC-3′
ntisense) 5′-TGGTGAAGACGCCAGTGGA-3′
ense) 5′-GACCAGACTTCGCTCGTACTCGT-3′
ntisense) 5′-GATCTCAGCCATATCGGGTTTGT-3′
ense) 5′-ATGTGGACTACCTATTGGGTCTC-3′
ntisense) 5′-AAGCCTTTGGGGTTCTTCC-3′
ense) 5′-ACTTCAAGACCATTGAGGACCTGAG-3′
ntisense) 5′-CAGGGTCAGTTCGTCCAGCA-3′
ense) 5′-GGGCCGCAGTTCAATGGGCT-3′
ntisense) 5′-TGAGACTGGAGCCCGGGACG-3′
ense) 5′-GTATGAAGGGAAGATCTCCAGAAAC-3′
ntisense) 5′-CGTTCAACTTGTCCTTACACCTC-3′
ense) 5′-GAATGCTTCATTCGCCTCAC-3′
ntisense) 5′-GCCTTAAATGACTCTGTTGGTCTC-3′
ense) 5′-TCTGGAAGCTTGGCCATCAAC-3′
ntisense) 5′-CTTGTGTCACTCCTGAAAGCATCTG-3′
ense) 5′-AGCAGGTGGCACCATCAGATAAG-3′
ntisense) 5′-GTGGCATTGGTCCGTGAGAA-3′
ense) 5′-CCGAATGCCTGGATTTAGCAGTA-3′
ntisense) 5′-CCGTGGATGCCATGTGTTG-3′
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compared with those observed in the control cells. The cells
were harvested when the s-TMSB4X, AM-1 and control cells
were subconfluent in complete medium.
The amplification specificity of each primer set was
determined using a melting curve analysis, gel electropho-
resis and DNA sequencing of the products. Real-time PCR was
performed on more than three independent experiments.
Western blotting analysis
Each sample of total protein (10 μg/lane) was fractionated by
12 or 15% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
at the indicated concentration, andwas then transferred to an
Immun-Blot PVDF Membrane (Bio-Rad, Hercules, CA, USA).
After blocking, the membranes were incubated with the
indicated primary antibodies. Bound antibodies were reacted
with HRP-conjugated secondary antibodies, and visualized
using the enhanced chemiluminescence (ECL) plus detection
system (Amersham, Piscataway, NJ, USA). The amount of
loaded proteins was estimated using a Micro BCA Protein
Assay Kit (Pierce, Rockford, IL, USA). All the membranes were
also probed with an antibody generated against GAPDH to
normalize the relative expression levels. Antibodies for
TMSB4X, AMELX, AMBN, ENAM and GAPDH were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and an
anti-RUNX2 antibody was purchased from Abcam (Cambridge,
MA, USA). The antibodies for AMELX, AMBN, ENAM and RUNX2
were also used in the immunocytochemical analyses. In the
semi-quantitative analyses of the levels of the protein
expression, the intensity of the bands was measured using
the “ImageJ” (ImageJ ver. 1.44, http://rsb.info.nih.gov/ij/
index.html) densitometric analysis software program. GAPDH
was used as an internal control protein. The target protein/
GAPDH ratio based on the intensity of the bands was
calculated (Ookuma et al., 2013).
Induced calcification and histological assay
Briefly, UT, MOCK and s-TMSB4X cells were plated in 12-well
plates. At subconfluency, the cells were cultured in CIM
(McCauley et al., 1995) containing 50 μg/ml ascorbic acid
and 10 mM β-glycerophosphate (β-GP) (Sigma-Aldrich, St.
Louis, MO, USA). The CIM was changed every three days.
After three weeks, the samples were fixed with 4%
paraformaldehyde (PFA, Sigma-Aldrich) in 0.01 M phosphate
buffered saline (PBS, pH7.2) and stained with 1% Alizarin-red
S (ALZ) or von Kossa stain for a histological evaluation to
identify mineralized nodules. For the calcification assay, the
cultures were stained with 1% ALZ or von Kossa at three
weeks after the induction of calcification. The size of the
ALZ-positive area was analyzed using the “ImageJ” software
program and shown as a percentage of the ALZ-positive area
over the total area (Yamaza et al., 2010).
The effect of downregulation of TMSB4X using siRNA on
calcification in the s-TMSB4X cells was assayed under the
calcification-inducing conditions. Transfection of the siRNA for
TMSB4X into s-TMSB4X cells was repetitively performed using
Lipofectamine RNAiMAX (Invitrogen) every time CIMwas changed
(every three days). After three weeks, these cells were fixed and
stained with ALZ or von Kossa stain, as described above.Some samples were cultured on cell culture cover slips
(Thermanox plastic, Nunc, Rochester, NY, USA) in a 24-well
culture plate to obtain a lateral view through the cell layer.
After treatment with dispase to release the cell layer from
the slip, they were embedded in paraffin. The samples were
cut into 6 μm-thick sections and then stained with hema-
toxylin and eosin (HE), ALZ or von Kossa staining. Other
samples were fixed in a 2% PFA/2.5% glutaraldehyde/0.1 M
phosphate buffer (pH7.4), embedded in Epon812 (TAAB,
Berks, UK) and cut into semi-thin (1 μm-thickness) sections.
The semi-thin sections were stained with toluidine blue and
examined under a light microscope.
Calcium analysis using energy dispersive
X-ray spectroscopy
The s-TMSB4X clones and the controls were cultured in complete
mediumor CIM on cell culture cover slips in 24-well culture plates
for three weeks. These cells were fixed in 2% PFA/2.5%
glutaraldehyde/PB for 30 min at room temperature. Then the
cells were washed with PBS, dehydrated in a graded ethanol
series, immersed in tertiary butyl-alcohol and finally freeze-dried
using a JED-300 system (JEOL, Tokyo, Japan). After drying, the
s-TMSB4X clones and the controls were ion-sputtered by a
JEC-550 (JEOL) instrument. An energy dispersive X-ray spectro-
scope (Genesis APEX2, EDAX, NJ, USA) attached to the S-3400N
scanning electron microscope (Hitachi, Tokyo, Japan) was
used in order to identify the calcium composition of the
specimens. The elemental composition was calculated from
the peak areas obtained from the narrow scan spectra after
subtraction of the linear background.
ALP activity assay
Analysis of ALP activity was performed by using the Laboassay
ALP kit (WAKO, Osaka, Japan). The cells were harvested at
0 week (0w) when they were almost confluent before being
switched to CIM. The other samples were collected after
culture in CIM for three weeks (3w). Proteins were extracted
from these cells and were mixed with buffer containing
p-nitrophenylphosphatase and MgCl2. The mixture was incu-
bated at 37 °C for 15 min. The absorbance value in each
mixture was measured at 405 nm by an Infinite M200
spectrometer (TECAN, Männedorf, Switzerland). All data
were normalized to the concentration of cellular protein in
each sample. ALP activity of the examined sample was
indicated relative to that of UT (0w) samples.
Immunocytochemical staining
After the three-week culture in CIM, the UT, MOCK
and s-TMSB4X cells were fixed with 4% PFA. For the
indicated combinations of targets, they were double-
immunocytochemically stained using a mixture of antibodies
against RUNX2 and AMELX, AMBN or ENAM. The cells were
reacted with the mixture of Alexa Fluor 594 rabbit anti-mouse
IgG and 488 goat anti-rabbit IgG antibodies (for RUNX2 and
AMELX) (Invitrogen), and that of Alexa Fluor 594 rabbit
anti-mouse IgG and 488 rabbit anti-goat IgG antibodies (for
RUNX2 and AMBN/ENAM) (Invitrogen) as the secondary
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with 1:5000 4′,6-diamidino-2-phenylindole dihydrochloride
(DAPI; Dojindo, Kumamoto, Japan) stain for 5 min. All
incubations were performed in a humidified chamber at
room temperature unless the text indicates otherwise. The
samples were rinsed in PBS three times at every interval
between the steps. Controls were performed with PBS
substituted for the primary antibody.
The stained cells were then observed under fluorescent
and light microscopes (Olympus, Tokyo, Japan).
Histological and immunohistochemical assays for
s-TMSB4X cells implanted into nude mice
Adult BALB/c female nude mice (CAnN.Cg-Foxn1bnuN/
CrlCrlj, 5 weeks old; Charles River Japan, Yokohama,
Japan) were used for the studies, and were divided into
three groups for the experiments. Anesthetized mice were
implanted with s-TMSB4X cells (n = 18) or MOCK cells (n = 6)
(2.0 × 106 cells in 0.1 ml) mixed with thermo-reversible
collagen hydrogels (Nitta Gelatin NA Inc., Osaka, Japan)
containing CIM, or with only vehicle collagen gel containing
CIM (n = 6). These cells were pretreated in CIM for one week
before implantation. The cell mixture or vehicle collagen gel
was slowly injected subcutaneously into the back of the nude
mice. At three and six weeks after implantation, mice were
euthanized with an overdose of anesthesia, and the skin,
including the injected site (approx. 2 × 2 cm2), was carefully
excised for subsequent histological examinations. After that,
the specimens were fixed with 4% PFA and embedded in
paraffin. The animals implanted with cell mixtures without
CIM were also prepared in the same way (n = 30). All
experimental procedures using mice were performed in
accordance with the guidelines of the Animal Care and Use
Review Committee of Kyushu University (Fukuoka, Japan).
The paraffin-embedded specimens of the animals at
three and six weeks after implantation were cut into serial
6 μm-thick sections. The sections were stained with hema-
toxylin and eosin, or using standard ALZ and von Kossa
staining methods for a histological evaluation of mineraliza-
tion. Immunohistochemistry was performed using the other
antibodies as described in "Immunocytochemical staining"
section. A FISH analysis (Chromosome Science Labo Inc.,
Sapporo, Japan) specific for human DNA was also used to
confirm whether the epithelial cells in the nodular foci of
the transplants were derived from human.
Statistical analysis
The one-way ANOVA with the Tukey–Kramer comparison
test was used to analyze the real-time PCR data. Differences
resulting in a p-value b 0.05 or 0.01 were considered to be
statistically significant.
Results
TMSB4X transfection induces calcification in some
clones of transfected HaCaT cells cultured in CIM
After selection of transfected HaCaT cells with antibiotics,
TMSB4X expression levels were examined in clones oftransfected cells by real-time PCR and Western blotting
analysis. Increased expression levels of mRNA and protein in
these clones were confirmed (Figs. 1A, B). These 10
t-TMSB4X clones were cultured in CIM. After three weeks in
culture, small nodules formed by cells were observed in all
of the t-TMSB4X clones (Figs. 1C, D). The extent of regions
with the nodules varied by clones. The regions with the
nodules of these clones were positive for ALZ and von Kossa
staining, indicating the presence of calcium phosphate. Only
a few nodules were observed in the controls. No positive
areas for ALZ or von Kossa staining were detected in the
controls. Among t-TMSB4X, clones #1-11, #1-12 and #1-9
showed higher amounts of calcium phosphate deposits than
the other clones (Figs. 1E and 2A). The amount of calcified
material was highest in clone #1-11, moderate in #1-12 and
lower in #1-9 (Figs. 1C, E). These three clones, #1-11, #1-12
and #1-9 (s-TMSB4X), also expressed high, moderate, and low
levels of TMSB4X mRNA, respectively. The amount of calcium
phosphate deposits was related to the expression level of
TMSB4X. These s-TMSB4X clones were used in subsequent
experiments.
No apparent difference of cell morphology between
s-TMSB4X cells and the control cells was observed by
phase-contrast microscopy (Supplementary Fig. 2A). The
proliferative activity of the s-TMSB4X cells was significantly
decreased compared with that in the controls. No significant
difference in the cell proliferation was detected among the
three s-TMSB4X clones (Supplementary Fig. 2B).
s-TMSB4X clones #1-11, #1-12 and #1-9 showed high
amounts of calcification (Fig. 2A). An element analysis using
energy dispersive X-ray spectroscopy showed peaks of calcium
and phosphorus in s-TMSB4X clone #1-11 (Fig. 2B). The Ca/P
ratio in the s-TMSB4X cells incubated in the CIM was
determined to be 1.3 (Fig. 2B). After CIM treatment, the
s-TMSB4X cells were in close contact with each other, and
showed a sheet-like appearance. The thickness of the cellular
sheet appeared to increase. Therefore, in order to assess the
cellular arrangement and calcification, we cultured the cells
on cover slips and made samples to be observed by lateral
view. The s-TMSB4X cells were partly multilayered, and round
in shape, and revealed the localization of a thin layer of von
Kossa positive-staining material between the culture dish and
regions with the nodules, and on the cell surface. No von Kossa
positive-staining calcified materials were noted in control
samples (Fig. 2C). von Kossa positive-staining needle-like
crystalloid products with a vertical orientation were occasion-
ally observed between cell layers (Fig. 2D). These findings
suggested that the calcium phosphate deposits were possibly
hydroxyapatite (Proudfoot et al., 1988; Cox et al., 2012). Both
themRNA expression level and enzymatic activity of ALP in the
s-TMSB4X cells cultured in CIM were significantly increased
after three weeks (Figs. 2E, F).Calcification in cultured cells is influenced by TMSB4X
expression levels, cell type and CIM components
s-TMSB4X cells cultured in CIM were treated with three
differently designed siRNAs against TMSB4X (siRNA-1, -2
and -3) (Supplementary Figs. 3A–C). The cells treated with
siRNA-2 markedly decreased calcium phosphate deposits in
CIM (Fig. 3A). The s-TNSB4X cells treated with siRNA-1
Figure 1 Establishment in the cultured TMSB4X-transfected cells. (A): The expression level of TMSB4X mRNA was statistically
different between controls (UT and MOCK) and TMSB4X-transfected cells (t-TMSB4X) (10 clones). (B): The TMSB4X protein expression
level in four t-TMSB4X clones was statistically higher than that of control cells. The lower panel is the protein expression level as
detected by a Western blotting analysis of the TMSB4X protein. The upper panel is the data from the semi-quantitative assay of the
target protein signal/internal control protein signal. (C): The clones were induced by CIM for three weeks. Although nodules were
observed in all the t-TMSB4X clones, various degrees of formation of nodules were noted. The regions with nodules in the t-TMSB4X
cells were positive for Alizarin-red S (ALZ) (upper panel) and von Kossa (lower panel) staining. The control was negative for both ALZ
and von Kossa staining. (D): Higher magnifications of the nodules (white arrow) of clones #1-11, #1-12 and #1-9, respectively. Scale
bars, 100 μm. (E): The ratio of the ALZ-positive area was compared among the different clones induced by CIM for three weeks. The
values represent the means ± SD of three independent experiments for the UT, MOCK and t-TMSB4X clones, respectively.
314 T. Kiyoshima et al.showed a moderate decrease in the level of calcium
phosphate deposits. The decrease in the level of calcium
deposits induced by treatment with siRNA-3 was negligible.
Thus, TMSB4X appeared to partially act as a factor for the
ability of non-odontogenic HaCaT cells to form calcified
material.We examined whether TMSB4X could also affect the
ability of other cell lines to form calcified material by using
MISK81-5 and HSC-3 cells, which were derived from human
oral squamous cell carcinomas, and MKN45 and MKN74 cells,
which were derived from human gastric adenocarcinomas.
Transfection of TMSB4X into these cells led to a significant
315Induction of odontogenic epithelial marker gene expression by TMSB4Xincrease in TMSB4X expression levels (Supplementary Figs.
4A–D). The TMSB4X-overexpressing MISK81-5 and HSC-3 cells
cultured in CIM for three weeks formed ALZ and von Kossa
positive-staining calcium phosphate deposits. However,
no calcification was demonstrated in TMSB4X-transfected
MKN45 or MKN74 cells (Fig. 3B). These results showed that
the effect of TMSB4X-overexpression on the formation of
calcium phosphate deposits depended on the cell type
(Table 2).
Calcium phosphate deposits were not formed by s-TMSB4X
cells cultured in medium containing only ascorbic acid.
However, the s-TMSB4X cells could form calcium phosphate
deposits in the culture medium containing β-GP (Fig. 3C).s-TMSB4X HaCaT cells upregulate the expression of
mRNA and proteins of ameloblastic markers, RUNX2
and odontogenesis-related genes
We next examined the expression of PITX2 (Wang et al.,
2010), CK14 (Tabata et al., 1996; Domingues et al., 2000)
and SHH (Dassule et al., 2000; Jernvall and Thesleff, 2000),
and markers of odontogenic epithelial cells, in the s-TMSB4X
cells (Figs. 4A–C) in comparison with that observed in AM-1
cells, an ameloblastoma cell line (Harada et al., 1998).
Although ameloblastoma is actually a benign odontogenic
tumor, it partially exhibits the properties, including histo-
logical features, and characteristic of ameloblasts in normal
enamel organs. Expression levels of these markers were
upregulated in the s-TMSB4X cells. The expression levels of
PITX2 and CK14 in AM-1 cells were much higher than those
observed in the s-TMSB4X cells. The expression level of SHH
in AM-1 cells was lower than that observed in the s-TMSB4X
cells. The expression level of RUNX2, which is considered to
be one of the downstream genes of TMSB4X (Ookuma et al.,
2013), was upregulated in the s-TMSB4X cells (Fig. 4D). The
expression of the RUNX2 protein was also increased in the
s-TMSB4X cells, and the expression pattern was consistent
with that of the mRNA levels. The expression level of the
RUNX2 mRNA in AM-1 cells was upregulated in comparison to
that in the control cells. The RUNX2 protein expression in
AM-1 cells was downregulated. However, there were no
significant differences in the expression levels of the RUNX2
mRNA and protein. The expression level of the RUNX2
protein in the TMSB4X clones was higher than that of AM-1
cells. The expression of AMELX and ENAM mRNAs was
detected in all of the s-TMSB4X clones, while these factors
were not detectable in any of the controls and AM-1 cells
(Figs. 4E, G). The AMBN mRNA expression was upregulated in
all s-TMSB4X clones (Fig. 4F). The AMBN mRNA expression in
AM-1 cells was almost equal to that observed in control cells.
The protein expression levels of AMELX, AMBN and ENAM in
the control and s-TMSB4X cells also showed similar expres-
sion patterns to those of mRNA levels (Figs. 4E–G). The
expression of AMELX, AMBN and ENAM proteins in AM-1 cells
showed almost equal levels to those in the #1-11 clone.
In the immunocytochemical analysis, positivity for RUNX2
was noted in the nuclei of clones #1-11, #1-12 and #1-9. The
number of RUNX2-positive cells among the s-TMSB4X cells
was higher than that observed in the controls. Positive
signals for AMBN were detected in the vesicular structures
in the cytoplasm of clones #1-11, #1-12 and #1-9, andperinuclear signals for AMBN were also observed. The
cytoplasm in the s-TMSB4X cells was weakly positive for
AMELX. ENAM was also weakly detected in the cytoplasm of
some s-TMSB4X cells (Fig. 4H). No signals were seen in the
cells when the primary antibody was replaced with PBS.
After the cells (UT, MOCK and s-TMSB4X cells) were cultured
in CIM for three weeks, positive staining for RUNX2 was
observed in the regions with the nodules. Positive staining
for the AMELX, AMBN and ENAM proteins was also found in
these regions. The co-localization of RUNX2 with AMELX,
AMBN or ENAM was observed (Fig. 4I). No positive staining of
these proteins was detected in the controls.
s-TMSB4X cells implanted into the nude mice
show calcification and expression of odontogenesis-
related factors
To confirm the ameloblastic characteristics of these cells,
we performed an in vivo examination by implanting the
s-TMSB4X cells in the dorsal subcutaneous layer of nude
mice. s-TMSB4X cells were cultured in CIM for one week and
the mixture of cells, CIM and collagen gel was implanted into
the nude mice. Three weeks after implantation, islets of
epithelial cells (IECs) were formed in the subcutaneous
layer. The IECs were confirmed to be of human origin by FISH
labeling (Fig. 5A). These cells were positively stained by
TMSB4X antibodies. The IECs formed by s-TMSB4X cells were
also positive for ALZ and von Kossa staining, thus showing the
presence of calcium phosphate deposits in the IECs. No ALZ
or von Kossa positive-staining calcium phosphate deposits
were detected in the IECs of control cells (Fig. 5B). When
s-TMSB4X cells not treated with CIM were implanted into
the nude mice, IEC formation was noted. However, little
calcification was found in the IECs (Supplementary Figs. 5A,
B). IECs were positive for RUNX2 by immunohistochemical
staining. AMELX, AMBN and ENAM also showed positive
immunoreactions in the IECs (Fig. 5D). ALZ or von Kossa
positive-staining calcium phosphate deposits were also
detected in the IECs six weeks after implantation. The
same immunohistochemical expression patterns were also
observed six weeks after the implantation (Figs. 5C, E).
However, no apparent changes in the areas of mineralized
IECs were observed at three to six weeks in the in vivo
implants.
Discussion
In this study, we demonstrated that transfection of TMSB4X
into HaCaT cells induced the upregulation of odontogenesis-
related gene expressions including some markers of amelo-
blasts, thus suggesting that TMSB4X induces the expression
of odontogenesis-related genes in HaCaT cells, and invests
HaCaT cells with the ability to form calcified products.
The induction of expression of dental epithelial marker
genes in non-odontogenic HaCaT cells requires three dif-
ferent conditions. First, an appropriate expression level of
TMSB4X is needed for the induction of the expression of
dental epithelial marker genes, as demonstrated by the fact
that no calcified material was formed in UT or MOCK cells.
In addition, suppression of TMSB4X in s-TMSB4X cells by
siRNA inhibited calcified material formation. Our previous
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Figure 2 Induced calcification in the s-TMSB4X cells derived from HaCaT cells. (A): After three-week culture in CIM, regions with
the nodules were noted in the t-TMSB4X cells. These areas were positive for Alizarin-red S (ALZ) (upper panel) and von Kossa (lower
panel) staining. Clones #1-11, #1-12 and #1-9 (s-TMSB4X) showed larger calcium deposits than the other clones. The control was
negative for both ALZ and von Kossa staining. Scale bars, 200 μm. (B): The ratios of calcium and phosphorus in deposits were
examined by energy dispersive X-ray spectroscopy. The results are shown in the left panels (UT) and right panels (s-TMSB4X cells).
Scale bars, 200 μm. (C): An illustration of the lateral view is indicated in the lower left panel. The lateral view of each s-TMSB4X clone
(#1-11, #1-12 and #1-9) cultured on a cover slip was stained with von Kossa and hematoxylin stain. Slightly positive areas for von Kossa
staining were noted between the cells and dishes. The nodular regions were observed. The lower panels show the high power fields of
the squared areas in the upper panels of the s-TMSB4X cells. Scale bars, 10 μm. (D): Semi-thin sections show lateral views of UT,
MOCK and clone #1-12 cells. Needle-like von Kossa positive-staining products above the cells were noted in clone #1-12. The lower
side is the dish side. Scale bars, 10 μm. (E, F): The mRNA expression (E) and enzymatic activity (F) of ALP in the s-TMSB4X cells
cultured in CIM for three weeks (3w) were significantly increased in comparison with those before the induction of calcification (0w).
The mRNA expression and enzymatic activity of ALP in the UT and MOCK cells were unchanged by CIM. The data are the means ± S.D.
from triplicate samples. **p b 0.01, versus UT (0w) by a one-way ANOVA with the Tukey–Kramer comparison test.
Figure 3 Effects of TMSB4X expression levels, cell type and CIM components on the calcification. (A): Three clones of s-TMSB4X
cells cultured in CIM were treated using a siRNA for TMSB4X for three weeks. A decrease in calcification was observed in the TMSB4X
siRNA-treated s-TMSB4X cells in comparison with s-TMSB4X cells treated with a universal negative control siRNA. The left and right
panels show ALZ staining and von Kossa staining, respectively. (B): To investigate whether the cell type of the highly
TMSB4X-expressing cells influenced their calcification, the highly TMSB4X-expressing cells (TMSB4X) established from MISK81-5,
HSC-3, MKN-45 and MKN74 cells were cultured with CIM for three weeks. Various degrees of focal nodular aggregation were noted in
each TMSB4X clone derived from MISK81-5 and HSC-3 cells. However, no calcified areas were noted in the TMSB4X clones from MKN45
and MKN74 cells. The regions with nodules in the TMSB4X clones of MISK81-5 and HSC-3 cells were positive for ALZ (left panels) and
von Kossa (right panels) staining. All UT and MOCK cells were negative for both ALZ and von Kossa staining. Scale bars, 200 μm. (C):
The s-TMSB4X cells were cultured in medium with either ascorbic acid (AA) (upper panels) or β-glycerophosphate (β-GP) (lower
panels). Samples cultured with β-GP were positive for ALZ and von Kossa staining. Scale bars, 200 μm.
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Table 2 Influence of TMSB4X gene expression, cell type and reagents in the culture medium on the calcification of the cultured
cell lines.
Overexpression of TMSB4X + −
Additive in medium (3-week culture) AA β-GP AA + β-GP None AA β-GP AA + β-GP None
Calcification in HaCaT − + + − − − − −
Calcification in MISK81-5/HSC-3 − + + − − − − −
Calcification in MKN45/MKN74 − − − − − − − −
+: positive findings and −: negative findings. AA: ascorbic acid and β-GP: β-glycerophosphate.
318 T. Kiyoshima et al.study showed that inhibition of Tmsb4x by AS-S-ODN results
in developmental arrest of the tooth germ in cultured
mandibles on E11.0 (Ookuma et al., 2013). However, some
clones with high expression levels of TMSB4X in this study
were found to form low amounts of calcification than that
observed in the s-TMSB4X clones. There is no definitive
explanation at present regarding this matter. The interac-
tion of unknown factors may be related to calcification
due to an overexpression of TMSB4X. However, this study
suggests that TMSB4X overexpression in the non-odontogenic
HaCaT cells appears to be related to calcification, and that
TMSB4X overexpression may be an important factor leading
to the expression of certain dental epithelial marker genes
in the non-odontogenic keratinocytes.
Second, β-GP is required for s-TMSB4X cells to form
calcified materials, as evidenced by the fact that no calcified
material was formed when the s-TMSB4X cells were cultured in
the media without β-GP. β-GP induces calcification of bone
nodules formed in vitro as a substrate for ALP (Bellows et al.,
1991). A similar system is important during the calcification of
cultured vascular smooth muscle cells (Shioi et al., 1995).
Calcification of enamel, as well as that of dentin, in the tooth
germ is accelerated by low concentrations of sodium β-GP
(Fujiwara et al., 1991). Therefore, β-GP is an indispensable
element for the formation of calcified material in s-TMSB4X
cells. In addition, the requirement of CIM for the calcification
of s-TMSB4X clones in vivo may also be explained by the fact
that incubation with CIM allowed s-TMSB4X clones to upregu-
late ALP, resulting in the induction of calcification. Although
10 mM β-GP alone was able to induce calcification, ascorbic
acid alone did not induce calcification as shown in Fig. 3.
Ascorbic acid is known to upregulate the production of ALP as
an enhancer of physiological mineralization (Owen et al.,
1990; Leboy et al., 1989; Wan et al., 2008). Therefore, CIM
may be required when calcification is induced in the im-
plantation of s-TMSB4X clones in vivo.
Third, the ability to form calcified material due to the
overexpression of TMSB4X may depend on the cell type. The
formation of calcified material was induced in the TMSB4X-
transfected squamous epithelial cell-derived carcinoma cell
lines, MISK81-5 and HSC-3 cells. However, no capacity for
calcification was observed in the MKN45 or MKN74 cells
following the TMSB4X transfection, even though the expression
level of TMSB4X was upregulated. The tooth germ is generated
by segmentation of odontogenic epithelial cells from oral
squamous epithelium, resulting in the formation of the dental
lamina (Lesot and Brook, 2009). In a recent study, the dif-
ferentiation of human foreskin keratinocytes into enamel-
secreting ameloblasts was induced in a human–mouse chime-
ric tooth in which keratinocytes were combined with murine
embryonic dental mesenchymal cells (Wang et al., 2010).Therefore, the origin of the cell type may be an important
factor related to the expression of dental epithelial differen-
tiation marker genes in keratinocytes.
We previously demonstrated that Tmsb4x was expressed
specifically during the initiation stage of mouse odontogenesis
(Yamaza et al., 2001a; Akhter et al., 2005). We have also
reported that Runx2 participates in regulating the expression
of Amelx, Ambn, Dmp1 and Dspp in mice (Kobayashi et al.,
2006). Moreover, our recent data (Ookuma et al., 2013)
showed that treatment with a Tmsb4x AS-S-ODN resulted in
growth arrest of the tooth germ in cultured E11.0 mouse
mandibles and also inhibited the expression of Runx2. Taken
together, these findings in this study indicate that TMSB4Xmay
play a role in the upregulation of RUNX2 expression, and could
act to induce the secretion of calcification-related enamel
matrices. Smart et al. (2011) indicated that Tmsb4x possesses
the ability to change the cell characteristics. Tmsb4x up-
regulation is associated with cell motility to accompany the
differentiation of stem cells (Zhou et al., 2013). Following the
upregulation of Tmsb4x, however, there is little information
regarding the genes/proteins associated with the differentia-
tion of stem cells, as observed in other previous studies.
Therefore, it is necessary to provide detailed information
concerning the intracellular molecular pathway by which
TMSB4X leads to induction of expression of dental epithelial
marker genes that are characteristic features of odontogenic
epithelial cells, by identifying associated genes/proteins in a
future study.
The Ca/P ratio is commonly used to determine whether
pure hydroxyapatite or a mixture of hydroxyapatite and its
precursors is formed. The ratio of Ca/P in hydroxyapatite,
Ca10(PO4)6(OH)2, is 1.67 (Keinan et al., 2006). In this study, the
Ca/P ratio in the deposits was lower than the ratio of Ca/P in
pure hydroxyapatite, thus suggesting that the deposits were
a mixture of hydroxyapatite and its precursors. The high
concentration of β-GP may induce a supraphysiological P level
in the cell culture medium, thereby resulting in the observed
lower Ca/P values. Chung et al. (1992) reported that ex-
ceeding 2 mM β-GP can induce supraphysiological levels
of medium phosphate, although medium supplemented with
10 mM β-GP is commonly used in studies of osteoblast cultures
to promote calcium phosphate deposits in vitro. Alternatively,
the deposited component may be hypomineralized during
analysis time (Jälevik, 2001).
There were no apparent changes in the area of the
mineralized regions at three to six weeks in the in vivo
implants. Enamel and dentin formation, as well as calcifica-
tion, are initiated at the late bell stage. At the same time, cell
proliferation of the inner enamel epithelial cells ceases in the
regions where the cusps are presumably formed (D'Souza et
al., 2013). In addition, secretion of AMBN and calcification
Figure 4 Upregulation of the mRNA and protein expression of ameloblastic markers, RUNX2 and odontogenesis-related genes in the
s-TMSB4X cells. (A–C): The mRNA expression level of PITX2, CK14 and SHH was increased in the s-TMSB4X and AM-1 cells compared with
the control cells. (D–G): (upper) The expression level of each of the indicated mRNAs is shown. The expression level of all factors
increased in the s-TMSB4X cells compared with the control cells. (lower) The expression level of each protein is shown. s-TMSB4X cells
exhibited increased protein expression, as well as mRNA expression. The lower panels show the results of the semi-quantitative assay, as
determined by the “ImageJ” densitometric analysis software program. The data are means ± S.D. from triplicate samples. *p b 0.05 and
**p b 0.01 versusUT (PITX2, CK14, SHH, RUNX2 and AMBN) or clone #1-11 (AMELX and ENAM) by a one-way ANOVAwith the Tukey–Kramer
comparison test. (D): RUNX2, (E): AMELX, (F): AMBN, and (G): ENAM. ND: not detectable. (H): Positivity for RUNX2 was noted in many
nuclei of clones #1-11, #1-12 and #1-9. Positive signals for AMBNwere detected in the vesicular structures in the cytoplasm of these clones
(arrowheads). AMELX and ENAM were also slightly positive in the cytoplasm (arrowheads). (I): After three weeks of culture in CIM, the
RUNX2-positive cellular spherical regions in the s-TMSB4X cells were positive for AMELX, AMBN and ENAM in the immunocytochemical
analysis. No double-positive staining for these factors was detected in the control. Scale bars (H, I), 45 μm.
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(Fukumoto et al., 2004). In this study, the TMSB4X-transfected
HaCaT cells showed decreased cell proliferation activity. In
addition, the co-localization of enamel matrix proteins, in-
cluding ameloblastin, and calcifying material was observed.
Thus, the inhibitory effect of enamel matrix proteins on the
cell proliferation activity may not cause any apparent changes
in the sizes of the mineralized regions observed at three to six
weeks in the in vivo implants. In future studies, it will benecessary to clarify the detailed mechanisms underlying this
matter.
The level of TMSB4X expression in the transfected HaCaT
cells was approximately 1.5- to 3-fold of that observed in the
control HaCaT cells. TMSB4X transfection in this study did
not dramatically increase TMSB4X expression in HaCaT cells.
However, as shown in Fig. 4, the increased TMSB4X expression
level led to upregulation of odontogenesis-related factors
and dental epithelial differentiation marker genes. This result
Figure 5 The calcification and expression of odontogenesis-related factors in the implanted s-TMSB4X cells into the nude mice. (A):
HE-stained section showing a nodular cellular focus transimplanted in the nude mice. TMSB4X-positive cells (DAB reaction) were
observed in the same nodular cellular nest of the adjacent section. FISH analysis specific for human DNA demonstrated that the cells
in the nodular focus were derived from humans. The nuclei were counterstained with DAPI. Scale bars, 100 μm. (B–E): The cells
within the collagen hydrogels containing CIM were implanted into the dorsal subcutaneous layer of nude mice. (B, C): At three (B) and
six (C) weeks after implantation, calcification (arrowheads) in the nodular foci of cells was observed in the nude mice implanted with
the s-TMSB4X cells. The blue dotted lines show the contour lines of the implanted cells with the collagen hydrogels. Scale bars, (HE
LPF) 1000 μm, (HE HPF) 100 μm, and (ALZ/von Kossa) 50 μm. (D, E): Immunohistochemically, AMELX, AMBN and ENAM were positive
in the mice implanted with s-TMSB4X cells at three (D) and six (E) weeks after implantation. These positive areas coincided with the
RUNX2-positive signals. Scale bars, 100 μm.
320 T. Kiyoshima et al.seems to indicate that transfected TMSB4X is able to function
in HaCaT cells. Studies are currently underway to determine
the detailed signaling pathways underlying the expression of
odontogenesis-related factors regulated by TMSB4X and how
they induce the characteristics of odontogenic epithelial cells.
The reason for the low level of TMSB4X expression in the
transfected HaCaT cells may involve parts of the plasmid
construct, such as the Kozak translation initiation sequence
and regulatory elements in the 5′ untranslated region (5′UTR)
downstream of the transcriptional start site (Kozak, 1984;
Elfakess and Dikstein, 2008). The Kozak translation initiation
sequence could influence the translation from the mRNA.
We herein show the possibility that the transfection of
TMSB4X can induce expression of dental epithelial marker
genes in non-odontogenic keratinocytes, which subsequent-
ly exhibit the ability to form calcium phosphate deposits
containing enamel-specific proteins. This study provides useful
information for the production of odontogenic cells and may
provide a useful method to perform regenerative medicine for
conditions associated with tooth loss. However, issues such as
the role of genes/proteins associated with the TMSB4X ex-
pression in the mechanism underlying the induction of the
expression of dental epithelial differentiation marker genes,the cellular arrangement of ameloblast in the tooth germ and
the increased amount of enamel matrix, still remain unclear.
The production of calcium phosphate deposits and the ex-
pression of odontogenesis-related factors by s-TMSB4X cells
varied by clone. Transgenic mice exhibiting overexpression of
thymosin beta 4 display malformation of the teeth (Cha et al.,
2010). Togetherwith this report, our present study and previous
reports (Akhter et al., 2005; Ookuma et al., 2013) indicate
that an appropriately regulated expression level of TMSB4X is
required to form calcified materials containing enamel matrix
proteins. Therefore, additional experiments are needed to
ensure the development of adequate procedures for precisely
controlling the expression of odontogenesis-related factors
and the production of calcium phosphate deposits by TMSB4X.Supplementary materials and methods
In situ hybridization
Briefly, a specific probe for Tmsb4x mRNA was designed
according to the NCBI Reference Sequences (accession number
Tmsb4x: NM_021278.2) (Akhter et al., 2005). In situ hybrid-
ization methods were carried out according to the protocol
321Induction of odontogenic epithelial marker gene expression by TMSB4Xdescribed in previous studies (Yamaza et al., 2001a, 2001b;
Akhter et al., 2005). The developmental tooth germ process
in the embryonic mandible was defined according to that
described in previous studies (Akhter et al., 2005; Ookuma
et al., 2013).
Cell proliferation assay
Untreated HaCaT and transfected cell clones were seeded at
6.0 × 104 cells per well in 35 mm dishes. At least three wells
for each cell clone were prepared at each time point. The
cells were washed in PBS and trypsinized. The cell number
was counted every 24 h using a hemocytometer under an
inverted microscope. All experiments were independently
performed in triplicate.
Supplementary data to this article can be found online at
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